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I. BACKGROUND

High power HF/DF chemical lasers operate by the reaction of F atoms flow-

ing from a supersonic nozzle. The loss of F atoms by recombination on the

nozzle walls and the resulting loss of performance has led to sophisticated

nozzle designs that mitigate the problem. A diagnostic for measuring F2 in

nozzle flows was developed to assess the extent of F atom recombination in

some of the more advanced designs. It was determined when the instrument was

tested on a small, water-cooled copper nozzle attached to an NF3 combustor

that there was virtually no F2 in the flow, an implication that wall recombi-

nation was being masked by other more significant chemical processes going on

in the flow. At the same time, the presence of a strong yellow emission from

the flow suggested that NFx radical chemistry was involved. Therefore, it is

possible that loss in performance of chemical lasers using NF3 combustors may

also be caused by F atom depletion in the very rapid reactions involving NFx

radicals. Additional tests were made with arc-heated NF3 flowing through the

nozzle to determine conditions making these reactions significant in limiting

F atom flow for lasing.
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II. EXPERIMENTAL SETUP

A sensitive F2 diagnostic has been developedI to evaluate laser nozzle

performance in terms of F atom recombination on the nozzle walls. A small

diameter beam of 325 nm radiation is projected through the flow field and is

moved so that it passes through the boundary layer coming from the nozzle

wall. Any F 2 in the path of the beam will result in some absorption of the

beam; with proper calibration, one can measure F2  concentration with

a AI/I sensitivity of 3 x 10- 5. The technique has been demonstrated on arc-o

heated F 2 and SF 6 flows in a water-cooled copper nozzle 1 and on combustion-

heated F2 in a gas-cooled nickel nozzle.
2

A small calibration facility was set up in the Aerophysics Laboratory to

test a variety of nozzle designs with the F2 diagnostic apparatus. Since most

of the nozzles of interest were being operated on NF3 combustors, a small NF3

combustor was installed in place of the arc-heated lasers common in the labo-

ratory. A schematic of the system is shown in Fig. I and a photograph of the

hardware is shown in Fig. 2. All parts are water-cooled. The combustor is

2 by 1-1/2 by 2 inches. The injector was copied from an early TRW design

using nine triplets In the pattern, fuel-oxidizer-fuel. The nozzle for the

initial checkout tests was a water-cooled copper assembly of modular design,

arranged so that each nozzle blade could be removed so its configuration could

be changed. The particular configuration tested first had been probed exten-

sively to evaluate its flow characteristics. For most tests, fuel would not

be injected at the exit of the nozzle; therefore, fuel was injected through a

probe downstream to react the fluorine in the flow before it reached the oil

7



In the pumps of the exhaust system. The combustor was ignited with a repeti-

tively pulsed spark as the fuel flow was increased. A starting sequence is

shown in Fig. 3.

FLOW REGION
1.5 in. x 1.5 in. (8 slits)

CMUSTOR NOZZLE

NF3  "2 o He 2

He 
.S.

Fig. 1. Facility schematic
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Fig. 2. Combustor and nozzle parts

h--t--i F- . T COOLING WAR THRU NOZLE4-i :i Ill

* H3 SEC- TIME

-I_ SM INCREASING H2  -, ,. ,

Fig. 3. Combustor starting sequence, R - .85, 8 10, To - 950K
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III. RESULTS

It was evident from the initial tests that heat losses in the small,

water-cooled combustor would preclude operation at the nozzle stagnation

temperatures required to simulate laser operation. The run shown in Fig. 3

achieved a temperature of only 950*K. NEST calculations were made for combus-

tion with no heat loss (Fig. 4); the temperature for these operating condi-

tions in an adiabatic combustor would have been 1300°K. Therefore, a 0.055-

inch thick alumina liner was retrofitted in the combustor to reduce heat

losses.

During these and subsequent tests, strong yellow emission was observed in

the flow coming from the nozzle (Fig. 5). The emission had never been ob-

served before in arc-heated F2 or SF6 flows. Other work in the laboratory

involving NFx radical chemistry had shown, however, that partial pyrolysis of

NF3 did give characteristic yellow emission generally attributed to N2 First

Positive bands. Furthermore, with the addition of hydrogen, emission in the

green at 5288 A (NF b-X band) could be observed. A green filter was then used

on the combustor flow (T o 
= 1350*K) and emissions were observed in the region

around the probe that injects hydrogen downstream.

When the F 2 diagnostic was used to evaluate F atom recombination on the

walls of the nozzle, no F2 was measured. Previously, water-cooled copper noz-

zles had always shown significant F2 in the boundary layers where the ratio of

F2 to the total fluorine flow was 0.50. The probe beam was reoriented to pass

through the flow perpendicular to nozzle slits; still, there was no measurable

F2.

11



20-

18-

16

14-

• 1.10

0.5 0.6 0.7 0.8 0.9 1.0
R MOLES H2/MOLES NF3

Fig. 4. Flame temperature for NF3 -H 2 combustion in He,
no heat loss, p. 1 atm, 8 - 10
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Fig. 5. Yellow glow in nozzle flow fromn NP3 combustor, To 1350*K
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A laser cavity was installed and D2 was injected through the nozzle. The

power measured using a calorimeter3 was 325 watts. According to standard

laser performance criteria, the F atom flow rate required to give this power

would be 0.0244 moles per second. If all the NF3 were completely reacted in

the combustor according to the reaction:

0.15 He + 0.047 NF3 + 0.040 H2 + 0.15 He +0.0235 N2 + 0.080 HF + 0.061 F

the F atom flow rate would have been 0.061 moles per second. The F2

diagnostic has about 25 times the sensitivity required to measure the F2 for

these F atom flows given a nozzle wall recombination factor of 0.50.

All these results implied that the NF, radical chemistry associated with

this low temperature NF3 combustor was significantly reducing the F atom (and

F2 ) flow coming from it. The nozzle was mounted on an arc heater so that the

phenomenon could be explored more easily and so that variations in stagnation

temperature could be made in the presence of large heat losses and without

changes in the gas mixtures. Results of runs made with stagnation tempera-

tures from 1000 to 2550°K are summarized in Table I. Yellow or green

chemiluminescence was evident in the lower temperature runs where no F2

absorption was present. At the higher temperatures, emission was minimal and

the F2 /fluorine ratio of 0.50 was measured.
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TABLE I. Summary of fractional number of F atoms recomkined
in various HF/DF chemical laser nozzle flows.

Nozzle Heating Gases Temp (*K) F Recombined

Cooled copper 36 slit Arc F2, SF6  1400 to 2100 0.50

Hot nickel CL XI B Combustor F2  1000 to 1600 0.10 to 0.20

Cooled copper 8 slit Combustor NF3  1350 (0.01

Cooled copper 8 slit Arc NF3  1000,1300, (0.01
1600

1900, 2550 0.50

Measured with F2 absorption diagnostic.

15
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IV. DISCUSSION

The chemical reactions that apply to the NF3 system are given in Table

I. It will be noted that the reactions shown for the high temperature

combustor are those used for chemical lasers in which th- NF3 is completely

dissociated Into its components, N2 and F (atoms). This appears to be valid

for stagnation temperatures above 1900*K in efficient combustors. Below

1900*K the reaction will be incomplete and NFx radicals will be formed. The

equations for the pyrolysis of NF3 in the arc heater are analogous and do not

involve the H2 and HF.

In the low temperature cases, the presence of NFx radicals is accompanied

by strong emission in the yellow and, with the addition of hydrogen, in the

green. It will be noted that the yellow glow of the N2 transition comes from

the reactions involving N and NT, which are components of dissociated NF3. On

the other hand, the green emission of NP comes from the reaction4 of NF2 and H

and a subsequent reaction with HF(v-2) making HF(v=0), which degrades '-ser

performance. The NFx  radicals are also scavengers of F atoms with

recombination rate coefficients k) three orders of magnitude greater than

that for the F atom. It is not surprising, then, that no F 2 was present in

the low temperature flow, even with water-cooled copper nozzle walls.

In view of these factors, it is possible that chemical lasers using NF3

combustors, even equipped with low heat loss components and sophisticated

nozzle designs, have not been optimized for best performance. Since efficient

use of NF3 as an F atom carrier requires operation of the combustor at high

temperature, the lasable fluorine is diminished. If the diluent in the cow-

17
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TABLE II. Chemical Equations for NF3 System

Combustion:

(Low T) NF3 + NF2 + F

F + H2 + IF + H

H + NF2 + HF + NF
2

NF2 + F + NF3  (k - 101 7 )

NF+ F NF2  (k - 10 7 )

F+ F +F 2  (k ~-O1 4 )

1
(High T) NP3 AA+ -N 2 +3F3

F +H + HF +H k 1cCL )2]2ec moleJ

P 2 +

Arc Heated:

A +
(Low T) NF3 + NP2 + F

NF2 + F + NF3

M
P + 32

AA I
(High T) NP3  1 N 2 +3F

F + F F2

18



Spect roscopy:

N( D) + NF(a A) + N(3f)+

N2( 9 2(A)E* + hv (5500-8800A) yellow Slow

H12 + F + HF(2) + H

H + RF2 NF(a A) + HF(O)

WF(a 1 &A) + IIF(2) + NP(b1Er) + 117(0)

NP(b'z+) NF(X 3EZ) + hv (5288A) green glow
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bustor is injected after the NP3 has been completely dissociated, the consump-

tion of fluorine to achieve a given stagnation temperature can be minimized.

We propose a concept that circumvents the problem with low TO

combustors. The situation is shown graphically in Fig. 6 for a D2/NF3 com-

bustor. With the addition of diluent downstream, the reaction of D2 and NF3

goes to a high temperature, thus ensuring that the NF3  is completely

dissociated. Then the diluent is mixed in to achieve the correct mixture at

the required temperature. With this modification, it is conceivable that HF

laser performance using NT3 could optimize at lower combustor temperatures

since F atoms available for lasing would be comparable to that obtained with a

laser using F2 .

PRIMIMLt U 1IM% DULMNSMAV-U 1tUtNi

Nf D2 He - -2 -- | f 2 N3 -N- -WeN

o NOIL

' i ' I N e 1 01 N i

Fig. 6. Downstream dilution concept for D2/NF3 combustor
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V. CONCLUSION

It was determined during tests of a low temperature NF3 combustor that

the F atom flow was significantly reduced and that there was strong yellow

chemiluminescence in the flow. These effects are attributed to the presence

of NFx radicals in the incompletely dissociated NF3 that scavenge F atoms and

give strong spectrographic signatures. Pyrolysis of NF3 in an arc heater

indicated that stagnation temperatures of 1900°K or higher are required to

dissociate the NF3 completely and avoid the losses in laser performance from

NFx chemistry. It is proposed that reacting undiluted NF3 with an undiluted

fuel and adding the diluent downstream in the combustor would result in com-

plete dissociation of the NF3 at a lower nozzle stagnation temperature with

more fluorine available for lasing. Chemical lasers using NF3 combustors

should then perform more like those operating with F2 combustorR.

2
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation Is conducting exper-

imental and theoretical investigations necessary for the evaluation and applica-

tion of scientific advances to new military space systems. Versatility and

flexibility have been developed to a high degree by the laboratory personnel in

dealing with the many problems encountered in the nation's rapidly developing

space systems. Expertise In the latest scientific developments is vital to the

accomplishment of tasks related to these problems. The laboratories that con-

tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermomechanics, as kinetics and radiation; research
in environmental chemistry and contamination; cv and pulsed chemical laser
development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, lase chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bloenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric Imaging; millimeter-vave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-senstilve system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: mal matrix
composites. polymers, and new forms of carbon; component failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in
apace environment; materials performance in space transportation systems; anal-
ysis of systems vulnerability and survivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radiation
from the atmosphere, density and composition of the upper atmosphere, aurorae
and airglov; magnetospheric physics. cosmic rays. generation and propagation of
plasma waves in the magnetosphere; aolar physics, infrared astronomy; the
affects of nuclear aplosions, magnetic stores, and solar activity on the

6 earth's atmosphere, ionosphere, and amgnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.
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